Magnetoresistance (MR) and its bias-voltage dependence were investigated in magnetic tunnel junctions (MTJs) with a 2-nm-thick Cu(In 0.8 Ga 0.2 )Se 2 semiconducting barrier. A relatively high MR ratio of 47% was observed with a low resistance-area product RA of 0.14 Ω&µm 2 at 300 K. By increasing the bias voltage, a high output voltage (as high as 24 mV) was achieved; this value is significantly higher than those ever reported for MR devices with RA values less than 0.5 Ω&µm 2 . These MR performance characteristics of the MTJs with Cu(In 0.8 Ga 0.2 )Se 2 are suitable for high-sensitivity read head sensors for hard disk drives with a recording density higher than 2 Tbit/in. 
T he recording density of hard disk drives (HDDs) has increased significantly over the past two decades and has recently reached 1 Tbit=in. 2 . 1) In order to keep the bit cost of magnetic recording competitive with that of solidstate drives (SSDs), a continuous improvement in recording density to higher than 2 Tbit=in. 2 is needed. Currently, MgObased magnetic tunnel junctions (MTJs) are used as read sensors; 2, 3) however, these are considered to be inapplicable for such high-density recording because of the large resistance-area product RA of MgO-based MTJs. Therefore, it is indispensable to develop highly sensitive read head sensors with a low RA of around 0.1 Ω·µm 2 . The recent development of high-output current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices with Heusler alloy ferromagnetic electrodes [4] [5] [6] is another approach to developing highoutput read head sensors with a low RA. However, in contrast to the MTJs, the too low RA in all metallic CPP-GMR devices is a crucial problem for practical applications.
When the minute magnetic field from recording bits is read out, a finite bias voltage is applied to a read head sensor. If RA is too small, the current density is so high that magnetizations in ferromagnetic electrodes are fluctuated by a large spin transfer torque. If RA is too large, thermal noise originating from Joule heating increases. This noise results in an insufficient output voltage, which is given as a product of the bias voltage and MR ratio under a finite bias voltage. In order to overcome the noise originating from both spin transfer torque and Joule heating, it is required to adjust RA to ∼0.1 Ω·µm 2 without degrading the MR ratio. 7) This is a great challenge for both MTJs and CPP-GMR devices.
For MgO-based MTJs, a detailed optimization of the deposition conditions of ultrathin MgO barriers less than 1.0 nm thick has been carried out to reduce RA. [8] [9] [10] Recently, RA values as low as 0.5-1.0 Ω·µm 2 were reported while keeping the MR ratio above 50%. However, a significant reduction in the MR ratio was pointed out at RA values less than 0. 11) In-Zn-O, 12) and Ag sandwiched by ultrathin NiAl. 13) For In-Zn-O-based MR sensors, a high output voltage of 11 mV was reported. 12) Another approach to adjusting RA to 0.l Ω·µm 2 is to use a semiconductor as a tunneling barrier, because semiconductors have lower band gaps than MgO (∼7.8 eV). We have focused on Cu(In 0.8 Ga 0.2 )Se 2 (hereafter, CIGS), having a low band gap (1.0-1.6 eV) and good lattice matching with Heusler alloys such as Co 2 Fe(Ga 0.5 Ge 0.5 ) (hereafter, CFGG). Previously, we reported a high MR ratio of 40% in the low-RA region of 0.3 to 3 Ω·µm 2 at room temperature in the MTJs with a CFGG= CIGS=CFGG structure. 14) However, bias voltage dependence has not been investigated because of low breakdown voltages (∼10 mV), as indicated in the previous report. This is due to the poor quality of the interlayer-insulating SiO 2 layer deposited on the Ag buffer layer used in the device structure. In this study, magnetotransport properties under a finite bias voltage are investigated in the Heusler alloy-based MTJs with a CIGS barrier, where a voltage higher than 10 mV can be applied as a result of the improved device fabrication process. A high MR ratio of 47% and a high output voltage of 24 mV at a desired RA of ∼0.1 Ω·µm 2 are demonstrated. Films composed of Ru (8 nm)=Ag (5 nm)=CFGG (10 nm)= CIGS (2 nm)=CFGG (10 nm)=Ag (100 nm)=Cr (10 nm) were prepared on a single-crystalline MgO(001) substrate by DC= RF magnetron sputtering, as shown in Fig. 1 . All layers were deposited at room temperature. First, an MgO substrate was thermally flushed at 600°C. After the deposition of Ag=Cr underlayers, in situ annealing was performed at 300°C in order to improve the surface flatness. Then, a CFGG bottom ferromagnetic layer was deposited, followed by in situ annealing at 500°C to promote chemical ordering to the L2 1 structure. After depositing Ru=Ag capping layers, ex situ annealing was performed at 300°C. High-angle annular darkfield scanning transmission electron microscopy (HAADF-STEM) images have revealed that CIGS had the chalcopyrite structure and was epitaxially grown with the relationship of (001)[110]CFGG ∥ (001)[110]CIGS.
14) The bottom and top CFGG layers were L2 1 and B2 structures, respectively. Films were patterned into rectangular or elliptical pillars by electron beam lithography and Ar ion milling. The size of pillars was varied between 200 × 150 nm 2 and 800 × 300 nm 2 . As shown in Fig. 1 , Ar ion milling was stopped just under the CIGS barrier in the present devices, while it was stopped in the middle of the Ag buffer layer in our previous work. This is because the adhesion of SiO 2 on CFGG is better than on Ag, which improves the SiO 2 insulating quality. Transport properties were measured by the dc four-probe method. Figure 2 shows the MR ratio at 300 K plotted as a function of RA for the parallel magnetic alignment. All the data were measured for the MTJs prepared on the same substrate. One can see that the data are highly scattered. This could be due to the impurity phase such as Cu 2 Se or In 2 Se 3 in the CIGS barrier. Since the MTJ showing the highest MR ratio is likely to exhibit the typical behavior of the CIGS barrier, we mainly discuss the MTJ labeled "A" (MTJ-A). Note that an MR ratio as high as 47% at an RA of ∼0.1 Ω·µm Although the MR ratio increases up to 60%, it is a relatively small increase compared with that observed in the CPP-GMR devices using CFGG Heusler alloy ferromagnetic layers. This suggests that the half-metallicities of both CFGG electrodes are insufficient probably owing to antisite defects. 15) Therefore, a higher MR ratio is expected by improving the degree of L2 1 order by annealing at a higher temperature. , respectively. The MR ratio slightly degrades with increasing positive V bias at 300 K, while a sudden drop can be found at a negative V bias . This behavior is possibly due to the peculiar magnetic coupling behavior only in this sample. Actually, the MR ratio for the negative V bias can be correctly found at 8 K. A very weak nonlinearity in the I-V bias characteristics for both the parallel and antiparallel configurations was also observed, although it is unclear in the inset of Fig. 4(a) . This finding supports the weak degradation properties for the bias dependence of the MR ratio in this bias voltage range (|V bias | < 60 mV). reaches a value as high as 24 mV under the positive V bias in spite of the low RA of 0.14 Ω·µm
2
. This value is twice higher than the previously reported highest value 12) with an RA of ∼0.1 Ω·µm 2 , and is suitable for a read head sensor of HDDs of over 2 Tbit=in.
2 . Here, we emphasize that such a high output voltage is observed in not only MTJ-A but also the other MTJs plotted in Fig. 2 . As shown in Figs. 4(c) and 4(d), a similar ΔV as high as 20 mV (30 mV) is observed at 300 K (8 K); this value was measured for the higher-RA MTJ labeled "B" in Fig. 2 . Therefore, we conclude that the favorable properties observed in MTJ-A are not due to an experimental artifact.
In summary, we fabricated MTJs with a 2-nm-thick CIGS semiconducting barrier and observed a relatively high MR ratio of 47% with an adequate RA of 0.14 Ω·µm 2 at 300 K. By investigating the bias voltage dependence, we demonstrated a high output voltage of 24 mV, which is the highest value ever reported for MR devices with low RA in the range of ∼0.1 Ω·µm 2 . These results indicate that CIGS is a promising barrier for read head sensors of HDDs with recording densities of over 2 Tbit=in. 
